This article describes the structure, functionalities, and content of the Advanced REACH Tool (ART) exposure database (version 1.5). The incorporation of the exposure database into ART allows users who do not have their own measurement data for their exposure scenario, to update the exposure estimates produced by the mechanistic model using analogous measurement series selected from the ART exposure measurement database. Depending on user input for substance category and activity (sub)classes, the system selects exposure measurement series from the exposure database. The comprehensive scenario descriptions and summary statistics assist the user in deciding if the measurement series are indeed fully analogous. After selecting one or more analogous data sets, the data are used by the Bayesian module of the ART system to update the mechanistically modeled exposure estimates. The 1944 exposure measurements currently stored in the ART exposure measurement database cover 9 exposure situations for handling solid objects (n = 65), 42 situations for handling powders, granules, or pelletized material (n = 488), 5 situations for handling low-volatility liquids (n = 88), 35 situations for handling volatile liquids (n = 870), and 26 situations for handling liquids in which powders are dissolved or dispersed (resulting in exposure to mist) (n = 433). These 117 measurement series form a good basis for supporting user exposure estimates. However, by increasing the diversity of exposure situations and the number of measurement series in the database, the usefulness of the ART system will be further improved. Suggestions to stimulate the process of sharing exposure measurement data both to increase the available data in the ART and for other purposes are made.
InTRoDuCTIon
The collection of personal exposure measurements started in the 1960s (Cherrie, 2003) . Since then innumerable exposure measurements have been collected worldwide. These exposure data provide a wealth of information that, if available, could be used for exposure assessment, improving our understanding of the effectiveness of exposure control measures, and developing improved exposure models. However, despite personal exposure measurement becoming easier, more reliable and less expensive, personal exposure monitoring has become less common (Cherrie, 2003) . Furthermore, most of the routinely collected exposure data collected during this study lacks appropriate contextual information, e.g. details of the activities being undertaken, that would increase its general utility. To make the best use of what data are available, it is important that data and relevant contextual information from exposure measurements are stored in a standard format, for example, in a common database format.
The development of Bayesian exposure assessment approaches has been repeatedly advocated as a means to combine modeling approaches with exposure data (Creely et al., 2005; Hewett et al., 2006; Tielemans et al., 2007; Ramachandran, 2008; Sottas et al., 2009; van de Ven et al., 2010) . Recently, the Advanced REACH Tool (ART) has been developed, which uses a Bayesian approach to combine a modeled prior estimate of exposure with measured exposure levels (www.advancedreachtool.com) (Tielemans et al., 2011) . Exposure measurements were crucial for the development of the ART. For example, results from exposure measurements were used in the development of the ART to underpin or to calibrate the mechanistic model. In addition, a set of exposure measurements were also used to validate a specific part of the mechanistic model estimates (i.e. for exposure to dust) (McDonnell et al., 2011) . Furthermore, exposure data are required when using the Bayesian update of the ART (K. McNally et al., in preparation) . The first version of the ART was launched on the Internet at the beginning of 2010.
The ART mechanistic model produces inhalation exposure estimates in the absence of exposure data, but accuracy of the estimates will decrease when results of exposure measurements are included in the Bayesian update. In version 1.0, the users had the opportunity to upload their own fully analogous exposure data in simple spread sheet format. The advantage of using own exposure data is that the generic ART exposure estimate is combined with exposure information from exposure measurements from the specific situation. However, as ART assesses exposure for scenarios across different plants or sites, the exposure estimates will be more representative if more exposure measurements from different plants or sites are used within the Bayesian update. With the incorporation of an exposure measurement database within the ART tool version 1.5, users can search for available measurement series in the ART exposure database and so potentially more analogous exposure measurement series become available for updating.
This article focuses on the ART version 1.5 database, describing its structure, functionalities, and content. The database is considered by the developers to be an evolving system that will become more useful as further exposure measurement series are added to it in the future.
THE ART ExPoSuRE MEASuREMEnT DATABASE
Structure and functionalities of the ART exposure measurement database Registration, Evaluation and Authorization of Chemicals (REACH) aims to ensure that chemicals are not manufactured, marketed, or used unless it can be shown that they can be safely used without risk to man and environment. Occupational exposure during producing or handling chemicals is evaluated scenario wide to ensure safe use of a chemical across different companies and accounting for the variability between workers. The ART mechanistic model provides an estimate of the exposure distribution based on user input for specific exposure determinants for an exposure scenario, and contains prior information about between-company, between-worker, and withinworker variability. Moreover, the ART model provides a means to update the prior (mechanistic model) estimate of the exposure distribution with exposure measurements. The posterior exposure estimate is a weighted estimate of the prior and the measurement data, weighted by their respective precisions. The idea of the Bayesian methodology is that the posterior estimates will give more precise estimates of the exposure than the mechanistic model or the exposure measurements alone. The increase in precision, however, depends on the level of analogy, the number of available measurements (number of measured companies, number of measured workers, and repeated measurements), and the level of exposure variability in the exposure measurements used in the Bayesian update. More details about the Bayesian methodology are described elsewhere (K. McNally et al., in preparation) . Figure 1 presents the workflow of the ART version 1.5. The white boxes present input that needs to be provided by the user and the dark boxes show information provided by the ART system. The user follows the workflow, providing input for the different modifying factors described by the mechanistic model . Based on these input parameters, the system presents a mechanistic model estimate as a concentration at a selected percentile of the exposure distribution The Advanced REACH Tool (ART) 719 with a confidence interval. Then, this mechanistic model estimate can be updated based on:
1. The user's own uploaded exposure data 2. One or more analogous measurement series selected from the ART exposure database 3. A combination of 1 and 2.
Users can upload their own data using a simple spreadsheet format. The spreadsheet contains identifiers for data set, company and worker, information on the concentration of the substance of interest in the product, the exposure concentration (in milligram per cubic meter), and an indicator for a result below the limit of detection. The user should be aware that the ART system assumes uploaded measurement data to be fully analogous, i.e. all the exposure determinants for the analogous scenario relevant to the ART mechanistic model are similar to those pertaining to the user's scenario. Using data that are not analogous for the Bayesian update may bias the exposure estimates. This is, however, not different from uploading the user's own exposure data or the use of exposure measurement data for estimating exposure for a specific REACH scenario without using the ART model, which should also be reliable and representative and meet the requirements as described in the REACH guidance (ECHA, 2008) .
With the integration of the ART exposure measurement database, users can now also update the mechanistic model exposure estimate by selecting available exposure measurement data from the database. Crucial to this process, as with uploading the users own exposure data, is the selection of analogous exposure measurement data sets where the circumstances of exposure are sufficiently similar to justify using the data in the Bayesian updating. The database incorporated in ART version 1.5 includes substance exposure category (i.e. dusts, vapours, mists), and activity class and subclass as data elements that are used to search for relevant exposure data sets within the database. Table 1 presents the number of measurement series that will be selected by the system per exposure category and activity (sub)class. For example, if a user does an exposure assessment with the tool, for an exposure situation where pesticides (exposure form; powder dissolved in liquid) were sprayed with a backpack (activity subclass; surface spraying), the tool searches the database records and returns a list of 16 measurement series. If the user does an exposure assessment for the situation where a powder was transferred using a vacuum transfer system, only one exposure measurement series is selected by the system.
Following Figure 1 , the user can then select the measurement series to be uploaded to the Bayesian module from those suggested by the system. The measurement series suggested by the system share exposure form and activity (sub)class, The Advanced REACH Tool (ART) 721 but could be very diverse regarding exposure levels and other relevant exposure determinants like product characteristics, scale, localized controls, and environmental conditions. Therefore, the system presents a comprehensive exposure situation description along with summary statistics describing the number of measurements, number of companies, and exposure distributions for every suggested measurement series. These descriptions include all the elements of the ART mechanistic model that are presented in Table 2 and scrutinized by the user to decide which measurement series are fully analogous. After selecting one or more measurements series, the data are forwarded to the Bayesian module to allow revision of the mechanistically modeled exposure estimates. The Bayesian estimates will be presented in addition to the mechanistic model exposure estimate. The collected measurement series were implemented as an exposure data library in a Microsoft SQL Server database (the schema is available from the online resource). Although users can separately upload their exposure measurement series to be used in the Bayesian module, the database does not currently allow users to store their own exposure measurement series in the database.
Content of the ART exposure database
To be considered for inclusion in the ART exposure measurement database, a measurement series must contain information on all the relevant exposure determinants described in Table 2 . Besides the information on exposure determinants, all other core information requirements as defined by the Working Group on Exposure Registers (Rajan et al., 1997) should be included. Furthermore, a unique company/site number is required as the Bayesian update incorporates a random effect for the company to take account of differences in exposure between companies. Because differences in exposure also occur between workers within the same scenario, a unique worker identifier should ideally also be included. However, because this information was lacking for a substantial part of the measurement series, it was decided to drop the requirement of a unique worker identifier in the data selection process. Consequently, a large part of the measurements series collected could not be used for updating the between-and withinworker variance component. Occupational exposure measurement series from various institutes in the UK (HSL, HSE, IOM), The Netherlands (TNO), and Germany (BAuA) were obtained. In addition, exposure data from a large petrochemical company and a multinational pharmaceutical company were obtained. At the end of this first screening of all these sources, ~50 000 exposure measurements were identified and further evaluated. A broad description of the exposure circumstances and control measures was often available. However, detailed information on the characteristics of the used products as well as information on duration of various activities carried out during the sampling period together with specific exposure determinants for all these activities was often lacking. The lack of this information meant that only about 4% of the exposure measurement data obtained were judged to be appropriate for inclusion in the ART database. For the calibration of ART, contextual information for all the relevant ART determinants was required for each measurement point . In contrast, exposure measurements were also included in the ART exposure database if the relevant contextual information was available for measurement series instead of individual measurement level. Measurement series describing exposure to a complex combination of activities and circumstances were excluded from the exposure database, even though they may have been used for the calibration of the mechanistic model. The reason for this is that the likelihood that such a complex situation would be fully analogous with any assessed situation would be very small. Table 1 shows that, currently, the ART database contains data for 117 different exposure measurement series comprising 1944 individual measurements, covering 9 measurement series for handling solid objects (n = 65 measurements), 42 measurement series for handling powders, granules, or pelletized material (n = 488), 5 measurement series for handling low-volatility liquids (n = 88), 35 measurement series for handling volatile liquids (n = 870), and 26 measurement series for handling liquids in which powders are dissolved or dispersed (resulting in exposure to mist) (n = 433). The sampling times and summary statistics for the measurement series stored in the ART exposure database are presented in Supplementary Appendices 1-3, available at Annals of Occupational Hygiene online. Supplementary Appendix 1, available at Annals of Occupational Hygiene online, presents the information for the measurements series covering the handling of solid objects. Supplementary Appendices 2 and 3, available at Annals of Occupational Hygiene online, show the summary statistics for the measurement series for handling of powders, granules, or flakes and for handling liquids, respectively. References of publications or reports are provided if available. However, some of the measurement series come from in-house company archives or consultancy reports that are not publically available; in these cases the data are referred to as unpublished and the year the data were collected is provided. Table 1 and Supplementary Appendices 1-3, available at Annals of Occupational Hygiene online, present the number of measurement series and the number of individual measurements in the database. The 1944 measurements stored in the ART database cover 2151 activities. The number of stored activities exceeds the number of measurements as during a measurement one or more relevant activities could take place. For example, one measurement series in the database describes the process of making tablets in the pharmaceutical industry. During this process, the tableting machine is fed with powder by transferring the powder via a vacuum transfer system. For this measurement series of 16 samples, two relevant activities regarding inhalation exposure were coded by the project team: (i) tableting (compression of powders) and (ii) vacuum transfer of powders resulting in 32 (2 × 16) entries in the database.
Because activity classes share only emission generation mechanisms, physical state of the handled product and the underlying determinants of emission (Marquart et al., 2011) , the geometric mean exposure levels for measurement series within activity (sub)classes may differ substantially. Relevant exposure determinants related to the activity (like scale and level of energy) could differ substantially between measurement series within an activity class. Also, other relevant exposure determinants, such as product characteristics (volatility, dustiness), localized controls, location (e.g. inside or outside), may differ between the measurement series stored within the same activity class. Scooping activities in pharmacies and unloading ships in the transhipment industry, for example, are both included in the activity subclass falling powders. Therefore, user must study the scenario descriptions very carefully, before measurement series are selected and processed to the Bayesian system.
The number of measurement series stored per exposure form and activity (sub)class differ substantially (Table 1) . For example, for movement and agitation of powders, granules, or pelletized material and falling powders, more than 10 measurement series are available, whereas no measurement series are stored for impaction on contaminated solid objects, spray application of powders, and fracturing of powders, granules, or pelletized material (Table 1 ). Similar differences are seen for the liquid scenarios. Table 1 presents relatively large numbers of stored measurement series for surface spraying of powders dissolved in liquids and spreading of volatile liquids. However, for 12 other combinations of exposure form and activity (sub)class no data are currently available. Therefore, although the 117 measurement series that are currently stored in the ART exposure database form a good basis for supporting user exposure estimates, the number and diversity of exposure measurement series in the ART database should be increased in order to improve the coverage of exposure situations and hence the usefulness of the ART.
DISCuSSIon
One of the purposes of REACH is to provide a high level of protection of worker health during the use of chemicals. REACH thereby aims to evaluate the risk scenario wide to assure safe use of a chemical across different companies and accounting for the variability between workers.
Analyses of large exposure databases have shown that exposure levels vary between companies, between workers, and within workers (Kromhout et al., 1993; Symanski et al., 2006) . Large exposure surveys covering multiple companies where workers are measured repeatedly will fully take account of the different sources of variability. However, such large exposure data sets are scarce and available data sets often do not reflect all the sources of variability, which have to be taken into account in the scope of REACH. Therefore, population of the ART exposure database with measurements across different companies and scenarios would be very beneficial in order to arrive at more valid and accurate ART exposure assessments for REACH.
Sharing of occupational exposure data is required to enable the development of large exposure databases that could be used for the development and operation of exposure tools such as ART. However, gathering the data described in this article highlighted two generic difficulties in the wider availability and use of exposure measurement data. Firstly, the identification of sources of exposure data and negotiating access to data is a challenging process; secondly, there is generally only limited contextual information collected along with the exposure measurements.
Identification of sources
National databases containing occupational exposure data exist in several countries such as the National Exposure Database (NEDB) in Britain (Burns and Beaumont, 1989) , COLCHIC in France (Vincent and Jeandel, 2001) , MEGA in Germany (Stamm, 2001) , and EXPO in Norway (Osvoll and Woldbaek, 1999) . Additionally, industry-specific databases are available such as PAPDEM for the paper and pulp industry (Kauppinen et al., 1997) , AWE for the asphalt industry (Burstyn et al., 2000) , EXASRUB for the rubber manufacturing industry (de Vocht et al., 2005) , and the SVF exposure database for the glass wool insulation industry (Marchant et al., 2009) . Moreover, specific exposure databases such as WOODEX for wood dust (Kauppinen et al., 2006) , IMA-DMP for respirable (crystalline silica) dust (Houba et al., 2009) , and ExpoSyn for five major lung carcinogens (Peters et al., 2012 ) have been developed. There are also many unidentified exposure data resources held by industry, research groups, and research institutes that could potentially be incorporated in the ART (Burstyn et al., 2000; Brederode et al., 2001; de Vocht et al., 2005; Peters et al., 2011) .
Format of contextual information
Despite the availability of exposure measurement data, there are practical problems in aggregating these into ART. Exposure measurements may be taken for several different purposes and their associated data storage systems can have widely different structures and content. The majority of occupational exposure measurements are collected for immediate compliance or insurance objectives and may be unrepresentative for routine activities (Gómez, 2000; Money, 2001; Rushton and Betts, 2001 ). The contextual information that describes the circumstances under which these measurements were made is often very limited and therefore these data are generally only useful within the narrow scope in which they were obtained. Collating existing exposure measurements from different sources that contain sufficient and equivalent contextual information can therefore be a time consuming and costly process .
Useful attempts to develop systems for recording exposure data (Rajan et al., 1997; Brederode et al., 2001; Ritchie and Cherrie, 2001 ) have been made in the past. For most of the thousands of screened exposure measurements within the ART project, information on the key categories recommended by the European Working Group on Exposure Databases (Rajan et al., 1997) was stored. Information on measurement procedures (sampling time, sampling date, sampling device, analytical method, etc.), chemical agent measured, and results was stored in almost all cases. Useful information about the selection of workers or measurement days (sampling strategy) was also well described although unique identifiers for companies and/or workers were often missing. The level of detail in which contextual information about exposure circumstances was stored differs substantially within the screened exposure data. Information about circumstances was most of the time collected on sample level. However, to be useful for activity-based modeling approaches like ART contextual information on exposure determinants should be collected per performed activity. Also, information on product characteristics was missing most of the time. Where legal requirements exist, exposure data of some form will be recorded and archived (Money, 2001 ), but it may be insufficiently well described for further use. The mismatch between the level and quality of contextual information that is usually recorded and the contextual information that is necessary for use in exposure modeling might be caused by several factors: for example, a lack of awareness about the importance of detailed contextual information to the understanding of exposure data, time, and resources required to collect this additional information or the absence of a simpleto-use and clearly defined classification system for the contextual data.
Suggestions for further ART data exchange features
The challenges encountered in gathering sufficient exposure data of adequate quality for the ART 1.5 database have been highlighted and this raises the on-going need for further guidelines and tools to more easily allow the sharing of consistent exposure data between stakeholders. For a variety of reasons, companies, agencies, and other potential data suppliers will inevitably use their own data gathering systems and databases, with their particular characteristics. However, provided these databases adopt well-defined and shared standards for the collection and storage of exposure information then they could reliably export their data, to an agreed specification, to other databases. Although considerable progress in this direction has been made through the adoption of the specification defined by the Working Group on Exposure Registers (Rajan et al., 1997) by many data custodians, our work has demonstrated considerable problems in consistency and a lack of compatibility between many data sets. At the same time, we believe that many of the bespoke exposure data collection tools in use in companies have not yet been updated to comply with these or other more recent REACH-related recommendations. To ensure that in the future exposure data are collected in a way that is useful beyond its immediate purpose, we suggest that an updated standard definition for exposure data interchange should be specified. Benefiting from recent REACH definitions of exposure metadata along with the developments of the IUCLID (http://iuclid.eu/) and CHESAR (http://chesar. echa.europa.eu/) systems, this could incorporate elements of standardized exposure scenario description, and fully describe the component elements of the core (mandatory and optional) exposure data, modifiers, and necessary contextual information. This could be used for exposure storage databases in general as well as applied to related analysis and assessment tools, including the ART. The shared use of a common standard for systems will facilitate consistency and the interchange of data.
In the context of further developing the ART, this would also include definitions of the elements required by the full mechanistic model that will be implemented in the next version of the tool. Such work to develop this would include:
• All the data items described in the Rajan et al. (1997) standard, with additional information on data types and coding schemes.
• Per preformed activity, the ART-specific data items required to fully accommodate the mechanistic model. These items are described elsewhere and summarized in Table 2 .
• The incorporation of other necessary exposure scenario items, as specified by standard REACH definitions and protocols for Exposure Scenarios.
• And potentially other supplementary items arising from an analysis of selected exposure data management systems and analysis tools (i.e. selected REACH Tier 1 evaluation tools).
In practise, a standardized exposure data specification and template, with appropriate guidance would be published. It would also be mediated via an Extensible Markup Language (XML) schema that would be independent of any particular data management software or accompanying user guidelines. This would offer a widely adopted standard way of representing text and data in a format that can be easily processed and exchanged across IT platforms, languages, or applications and used with a wide range of databases, development tools, and utilities. Facilities to easily process XML formatted data are now ubiquitous within common database management systems so that it is possible to upload such data rapidly and efficiently, and substantially reducing data exchange barriers between organizations. This approach has been successfully demonstrated in recent years in many e-commerce applications, areas such as personnel management data (http://www.hr-xml. org/) and data transfer in many scientific disciplines including mathematics (http://www.w3.org/ TR/2003/REC-MathML2-20031021/) and chemistry (Murray-Rust and Rzepa, 1999) . Applying this approach in the context of occupational hygiene information was advocated more than a decade previously (Johns, 2001 ). More recently, it has been used extensively in the REACH IT systems for the technical definition and transfer of data for the registration and use of exposure scenarios in several tools used in the chemical safety assessment processes. These include, for example: IUCLID 5 (http://iuclid.eu/download/documents/installation/web_services/2012-07-10/WS_technical_man-ual_v2.3.pdf), a software application to store and exchange data on intrinsic and hazard properties of substances; the CHESAR tool (http://chesar. echa.europa.eu/documents/2326902/2424433/ chesar2_user_manual_intro_en.pdf) for chemical safety assessment and reporting; and the ESCom package for standardizing the exchange of exposure scenario information from supplier to customer (http://www.cefic.org/Industry-support/ Implementing-reach/IT-Tools/).
Rather than imposing rigid design criteria on the owners of the exposure data and their storage systems, use of an intermediary format allows flexibility, specifying the data definition requirements and format for interchange, but not the specific data structure or user interfaces to be used. It has several advantages over the creation and promotion of a new generic exposure database system. Firstly, data collection is fully controlled by the source organization, using their chosen system, so the data is entered most efficiently for their setting (LaMontagne et al., 2002) . Secondly, all the data will be fully owned and stored on the system of the organization that collected it, with their full governance over the data, to meet internal requirements and integrating as necessary with other organizational IT systems. Where an organization agrees to share exposure measurement data it can control which sets of data will be shared, with appropriate confidentiality measures (e.g. employee names are anonymized, interchange files must be encrypted in transit) and data concurrency issues (e.g. accommodating the potential for future updates to existing data sets) being agreed in advance. In any case, to promote a willingness to share data there must be common objectives and advantage, as well as mutual benefit to the parties involved, the subjects of the data, and ultimately the wider occupational exposure community.
Further population of the ART exposure database
To facilitate the expansion of the ART exposure database, we aim to expand the version 1.5 database scheme to incorporate all data elements of the mechanistic model and develop a data entry and upload system for adding new data to the ART database. To ensure the quality of the data, we will also develop a comprehensive data quality manual and data screening system. In addition, we plan to produce a draft specification for the exposure data interchange format discussed above, and provide a first version in XML in an open standard, to allow data donors and receivers to more easily import and export data. This will enhance the potential for users to upload their own data sets (extended for ART version 2) for storage and analysis in ART.
ConCluSIonS
The combination of the ART mechanistic model and the ART exposure database makes it possible for users to estimate occupational inhalation exposures using a state-of-the-art approach. Users should ensure that the uploaded data is fully analogous to the assessed scenario. Otherwise the exposure estimates may be biased. Moreover, the ART Bayesian methodology should be validated to ensure the system provides accurate exposure estimates. Currently, 1944 individual exposure measurements describing 117 different exposure situations are stored in the ART exposure measurement database, hence the opportunities for finding fully analogous exposure measurement series in the ART exposure database are limited. To increase the coverage, expansion of the ART exposure database is needed. Promoting best practice among those who collect exposure data and harmonization of collection of contextual information should improve the possibilities for sharing of exposure measurement data.
SuPPlEMEnTARy DATA
Supplementary Appendices 1-3 can be found at http://annhyg.oxfordjournals.org/. 
